We investigate the influence of interfacial treatment on the matrix-filler interaction using a melt mixing process to fabricate robust and highly stretchable dielectrics. Silicone oil and silane coupling agent are studied as possible solutions to enhance the compatibility between the inorganic fillers and polymer matrix. Morphology, thermomechanical and dielectric behavior of the prepared specimens are studied. Results show that specimens filled with silicone oil coated particles have promising dielectric and thermal properties. The mechanical properties reveal a stiffness enhancement by 67% with a high strain at break of 900%. The relative permittivity of the specimens prepared with silicone oil increased by 45% as observed from the dielectric analysis.
Introduction
Deformable dielectrics are found in various applications and have been widely used to achieve high flexibility and stretchability [1] , [2] and [3] . Dielectric materials with high energy density [4] have also gained great attention for their transducing properties as they efficiently convert energy signals required for sensing, actuating, and energy harvesting [5] and [6] . Soft elastomeric dielectrics are vastly used in manufacturing of soft sensors and actuators, targeting several applications such as structural health monitoring by enabling skin-like sensing solutions [7] , and advanced bionics where sensors and actuators are used interchangeably to create a substitute to human organs and to replace sensing elements and muscles. A sensor's function is to convert input stimuli which can include mechanical, temperature change, and magnetic field. The performance of a sensor is inherently dependent on its mechanical and electrical properties. Polymers are very versatile materials, with an important potential for property alterations achieved through variations in polymerization chemistry, compounding and processing [8] . By embedding fillers with high permittivity in a highly elastic polymer matrix, it is possible to create a stretchable sensor with enhanced sensitivity [9] . For this purpose, an elastomeric composite of (poly-Styrene-co-Ethylene-co-Butylene-co-Styrene) (SEBS) block copolymer (BCP) filled with rutile titania (TiO 2 ) has been developed by the authors to fabricate a soft stretchable elastomeric sensor termed as soft elastomeric capacitor (SEC) for structural health monitoring (SHM) of mesosystems [3] and [4] . The proposed sensing application was for civil infrastructure [7] , for which the monitored levels of strain are typically small [10] .
The choice of a BCP is motivated by the heterogeneous phase separation capabilities at the nanoscale [11] , [12] and [13] . BCPs have shown superior control on the spatial and orientational distribution of nanofillers used to alter their properties [14] . Thermoplastic BCPs are physically cross-linked materials and enable broad range of processing techniques. In particular, SEBS is a soluble tri-BCP thermoplastic elastomer with a rubbery and semi-crystalline domain. It is used in many medical applications due to its purity, softness, elasticity, and strength [15] . The inorganic TiO 2 particles (average size of 300 nm) are characterized by a high anisotropic permittivity [16] of approximately 120 along the x axis. The composite is thought of as a host guest system where the SEBS provides the matrix to disperse filler particles, which show higher stiffness due to the presence of the filler.
The interface between the filler and the polymer matrix of nano-composites can have an important effect on its mechanical and electrical properties [17] and [18] . The surface interaction between the filler and the polymeric matrix may also influence the dispersion process. In our case, the interaction between SEBS and TiO 2 is obstructed by the non-polar nature of SEBS, which prevents the polar inorganic TiO 2 particles from dispersing throughout the polymer matrix uniformly. To resolve this issue Ganguly et al. [19] proposed modifying the SEBS by grafting polar functional groups such as maleic anhydride, improving the dispersion process. Stoyanov et al. [9] , used silicone (PDMS, polydimethylsiloxane) oil coated TiO 2 particles to enhance the particle matrix interaction and dispersability. The existence of the non-polar methyl (-CH 3 ) end groups in the PDMS improves the affinity between the surfaces due to the non-polar nature of the SEBS matrix, thus enabling a more homogeneous distribution. The coated particles are used in this study.
Research suggests that having higher interfacial surfaces leads to higher permittivity [17] and [18] , and has the potential to increase permittivity by up to a 100 times [20] , [21] , [22] and [23] for nano-composites fabricated with fillers such as TiO 2 [17] and BaTiO 3 [22] , moreover, researchers found that simple mixing rules applies and the experimental results matched the theoretical ones [15] , [16] and [24] . At low levels, an increase in filler volume fraction leads to an increase in permittivity, but to a decrease in the breakdown strength by over 50%, resulting in a decrease in the electrostatic energy density [17] . McCarthy et al. [17] studied the effect of adding different TiO 2 particle sizes in an SEBS matrix on the electrical properties of the composite using a solution cast process. Particles of 15 and 300 nm diameter were used with and without a surfactant (sorbitan monopalmitate) to enhance the dispersion of the particles in the matrix. The particles without surfactant resulted in an increase of 350% and 1700% relative permittivity for the 15 nm and 300 nm diameter particles, respectively. Using the surfactant had insignificant effect on the 300 nm particles, but limited the increase in relative permittivity to 240% in the case of the 15 nm particles. Carpi et al. [25] studied the effects of adding TiO 2 particles to a silicone matrix, showing an increased in relative permittivity and decrease in the elastic modulus. A 15% vol was found to be an optimal level of filler content for the dielectric and mechanical properties.
Silane coupling agents can also be used to provide adhesion between surfaces. Salines are organofunctional groups capable of decreasing the interfacial tension. They bond inorganic material such as mineral fillers (TiO 2 ) to organic matrices such as (SEBS), and they provide adhesion between polar phase polymers and non-polar fillers. Here, the Si(OR)3 part of the silane reacts with the polar components and the organofunctional group reacts with the non-polar matrix to create the bond [8] . Kaynak [26] studied the effect of adding different types of silane coupling agents to an epoxy matrix filled with recycled rubber particles. Results showed that some of the silane coupling agents led to an increase in tensile strength, but also to a reduction in the impact and fracture toughness of the specimens. Ismail et al. [27] used silane coupling agent Bis [3-(triethoxysilyl) propyl]tetra sulfide (Si-69) with natural rubber composite filled with bamboo fiber and investigated the effects on the mechanical properties and curing time. Results showed an increase in the tensile strength, tear strength, hardness and tensile modulus.
The fabrication process may also influence the mechanical and dielectric properties of polymer composites. Recently we reported the advantages of melt mixing on solution mixing for the fabrication of soft dielectrics [28] . We showed that the melt mixing process enables 1) faster fabrication because of the solvent-free process that does not require evaporation time, 2) enhanced control over the membrane's size and thickness, 3) easier processing of large quantities 4) a fine dispersion of the filler material due to high shear mixing, and 5) the elimination of organic solvent within the nanocomposite that exists when a solution cast process is used, which could influence mechanical and dielectric properties of the composite.
The objective of this paper is to study the influence of molecular level interaction between the filler particles and polymer matrix to enable soft dielectrics with enhanced sensing and actuation properties. Here, we investigate the effect of interfacial treatment on SEBS-TiO 2 nanocomposites fabricated using a melt mixing process. The morphology, mechanical properties, and dielectric properties are studied in function of treatment, including PDMS silicone oil and Si-69 coupling agent. This paper is organized as follows. Section 2 presents the materials used and the experimental procedures. Section 3 discusses the results acquired from the tests. Section 4 concludes the paper.
Experimental

Materials
The thermoplastic matrix material SEBS-Mediprene 500120M, (poly-Styrene-co-Ethylene-coButylene-co-Styrene) was purchased from VTC Elastoteknik AB, Sweden (density = 930 kg/m 3 ). Rutile titania (TiO 2 ) namely R320, R320D (Sachtleben Chemie GmbH, Germany), were used as high permittivity fillers. The TiO 2 particles have an average diameter of 300 nm and density ρ = 4200 kg/m 3 . While R320 is uncoated, R320D is coated with silicone oil (PDMS). Bis [3-(triethoxysilyl) propyl]tetra sulfide, a silane coupling agent commonly used as a rubber additive, was purchased from Santa Cruz Biotechnology, Inc. Dallas, Texas, USA. Fig. 1 shows a scanning electron microscopy (SEM) image of R320 powder (a) and its crystal structure (b), showing a distribution of spherical and ellipsoidal shaped particles. Such particles exhibit a highly anisotropic static dielectric [29] . Fig. 1b is a schematic of R320, showing that a high permittivity resulting from the crystalline structure of TiO 2 . Such structure generates polarization in the material, which increases the dielectric constant. 
Melt mixing process
Four types of samples were prepared, a pure SEBS, SEBS filled with uncoated TiO 2 particles, SEBS filled with uncoated TiO 2 particles and Si-69, and SEBS filled with PDMS oil coated TiO 2 particles. All samples have filler content of 15 vol% of SEBS. Table 1 shows the samples composition as well as their designation. All the investigated nanocomposite samples were processed by melt mixing at 160 °C in a 60ml capacity ATR (Advanced Torque Rheometer) Plasti-Corder heated shear mixer from C.W. Brabender Instruments, Inc., NJ. Fig. 2 illustrates the procedure used to prepare the test specimens using melt mixing method. TiO 2 was blended with SEBS under constant speed of the twin mixing screws at 50 rpm. The residence time of the melt in the barrel was limited to 10 min to avoid thermal degradation of the melt. The extruded SEBS-TiO 2 melt was processed into 200 μm thick films by compression molding at 160 °C for 5 min. The sample was left at room temperature to anneal before releasing the pressed plates. Similarly, samples with Si-69 were fabricated by adding and dispersing the coupling agent in the SEBS prior to the adding the TiO 2 . An average thickness of the pressed films was measured using a micrometer screw. 
Characterization of morphology, thermal and mechanical properties
The morphology of the composites was characterized using an FEI Quanta 250-FEG scanning electron microscopy (SEM) under 80 Pa of water vapor. The SEM images were acquired by an accelerating voltage of 8 kV. Fresh sample surfaces were obtained by cryo-fracturing the nanocomposite films after freezing with liquid nitrogen (LN 2 ). The samples were taken from randomly selected places from the films. Two samples were taken from each of the four specimens. The fractured surfaces were sputtered with iridium to enhance electrons emission and reduce sample charging.
The dynamic mechanical properties and glass transition temperature of samples of dimension 20 × 8 × 0.2 mm 3 were obtained using a dynamic mechanical analysis (DMA) Q-800 from TA Instruments (New Castle, DE). The DMA test was conducted in tensile mode using tensile film clamps. Temperature sweep tests were carried out between −100 to 60 °C at 1 Hz frequency, strain amplitude of 40 mm, and a heating rate of 3 °C/min. The elastic storage modulus (E') and loss factor (tan δ) were recorded over the temperature range. Thermogravimetric analysis (TGA) using a TGA-Q50 from TA Instruments was conducted to study the thermal stability and the residual wt% of the samples. Tests are performed for temperatures ranging from ambient to 600 °C at a heating rate of 10 °C/min. An Instron universal testing machine (model 5569) with a ±10 N load cell is used to perform the tensile tests until rupture in an ambient temperature at a speed of 50 mm/min, selected lower than the minimum required by ASTM D412-06a for higher accuracy. The tensile tests were conducted on 30 mm dog-bone sample shaped according to ISO 527 type 5A.
Dielectric spectroscopy
The dielectric properties were measured under ambient temperature conditions using a Novocontrol dielectric spectrometer (Novocontrol Technologies GmbH & Co. KG). A circular specimen of the dielectric with diameter of 20 mm was punched out and sandwiched between two copper electrodes (20 mm diameter). Frequency depended real and imaginary part of the permittivity were measured in the interval 1 Hz to 1 MHz. Fig. 3a-d shows the SEM images from cryo-fractured surfaces of the samples listed in Table 1 . Images show fine dispersion in all of the samples with fillers. However, the fractured surface morphology of the specimen with PDMS-coated TiO 2 particles appears to have a slightly more homogenous structure with fewer gaps. Minor agglomerations are found in the samples with the uncoated filler and the PDMS coated filler. Similar agglomerations are found in composites when the particle-particle interactions dominate the particle-matrix interactions. The low particle density areas with non-uniform dispersion of the filler seen in Fig. 2b and d (indicated by dotted circles) may be caused by softening of the polymer phase present under the SEM electron beams in various modes (low or high vacuum). Good dispersion results may be attributed to the high shearing forces applied in the twin melt mixer that may have broken the particle-particle interaction forming the agglomerations, resulting in enhanced matrix-particle interaction and more homogenous matrices.
Results and discussion
Morphology
Dynamic mechanical analysis
The dynamic mechanical storage modulus (G′) and loss factor (tan δ) was used to characterize the change in the phase behavior and modulus of the polymer composite over a broad range of temperatures. Fig. 4a and b shows the temperature dependence of G′ and tan δ of the specimens. All filled specimens have similar behavior with a glassy plateau extended between −100 °C to −60 °C, followed by a glass transition (T g ) and a rubbery plateau. In the glassy regime, the modulus of the material increased from 940 MPa to 2000-3000 MPa after blending with the fillers. A nominal difference in the modulus can be observed in the nanocomposite. The glass transition temperature (T g ) of the materials can be identified from the position of the peak of tan δ. The addition of TiO 2 in the SEBS does not show a significant shift in T g . Surface modification of TiO 2 and addition of Si-69 show negligible effects on the peak position of the tan δ curves. However, a reduction in the peak intensity can be observed for SEBS-TiO 2 (PDMS) samples. As the peak intensity of tan δ curves is directly proportional to the damping ability or softness of the material, the reduction in peak intensity indicates a strong reinforcing efficiency with PDMS modified TiO 2 particles. Beyond T g , the modulus of the pure SEBS sample declines completely and the sample fails at small strain. This is attributed to the terminal response that is commonly observed in thermoplastic homopolymer. Whereas, all the composite samples depict a non-terminal response with a plateau behavior in the G′ curve. The temperature-dependent nonterminal response in polymers is associated with either physical or chemical interactions present within the material that can limit the flow behavior of the material. In the investigated composites, a strong physical interaction between the filler particles and polymer matrix is responsible for the observed non-terminal response. However, as Si-69 is less stable at elevated temperatures, SEBS with Si-69 is showing lower G′ curve in the rubbery regime.
Mechanical properties
The tensile stress-strain curves for all specimens are shown in Fig. 5 . The stress-strain profile shows a soft elastomeric behavior with a low yield strength followed by strain hardening. Pure SEBS and SEBS with coated TiO 2 have similar stress-strain behavior with high tensile stress and strain at break. The addition of the coated TiO 2 particles (SEBS-TiO 2 (PDMS)) shows an increase in the ductility of the pure elastomer with a high elongation before break (900%), whereas uncoated TiO 2 and TiO 2 with coupling agent (Si-69) reveal a reduction in strength, and a smaller elongation after break (∼30% reduction). The sample with coated TiO 2 particles exhibits ductility similar to the pure SEBS, which can be attributed to the plasticizing effect caused by the soft PDMS coating. Conversely, the modulus of the specimens measured at low strains is higher for SEBS-TiO 2 and SEBS-TiO 2 (Si-69) when compared to pure SEBS and SEBS with PDMS coated nanoparticles. The mechanical behavior of the SEBS-TiO 2 sample appears to remain linear until break. The stiffness of each specimen is determined by fitting the Hooke model to the first 5% stress-strain data. Young's modulus measured below 5% strain is listed in Table 2 and the blow up of this region is shown in Fig. 5 . In pure block copolymers, the physical and mechanical properties in the bulk material are primarily governed by their inherent nanostructure. Here the observed difference in the modulus between the four samples can be attributed to the change in the nanostructure present in the post processed samples in presence of nanofillers. Generally, the addition of rigid fillers in soft polymers results in an increase of the modulus. The dispersed filler act as rigid bodies constraining the deformation of the soft SEBS matrix and increasing the Young's modulus. However, the enhancement in the modulus is primarily controlled by the dispersion of the particles. As the SEM images (Fig. 3) reveal fine dispersion of nanoparticles in all the samples, the observed difference might be coming from the fabrication of the nano-composites. In SEBS-TiO 2 and SEBS-TiO 2 (Si-69) samples, the direct interaction between the SEBS and TiO 2 phases result in enhanced material stiffness.
Thermogravimetric analysis
TGA was conducted to identify the quantity of TiO 2 left in the samples after melt processing and to investigate the thermal stability of the nano-composites. Results are shown in Fig. 6 . All the composites (Fig. 3b-d) appear to have the same amount of TiO 2 after complete degradation of the SEBS as observed from the residual weight between 500 and 600 °C. This level (∼45 wt% which converts to 15 vol.%) is consistent with the prepared 15 vol.% of TiO 2 . Fig. 6 also provides information about the influence of blending TiO 2 with various modifications on the thermal stability of the polymer matrix. Specimens with PDMS coating exhibit a higher stability with respect to others. 
Dielectric analysis
The dielectric relaxation spectroscopy of the pure elastomer and all composites are shown in Fig. 7a and b . Results exhibit an increase in the permittivity of specimens with filler content over the whole frequency range. For the pure SEBS, we notice a nearly frequency independent behavior of the permittivity with a value of 2.1 and low dielectric losses (Table 3 ). The addition of the TiO 2 led to a substantial increase in the permittivity and a significant shift to higher losses. For uncoated TiO 2 , the permittivity was 3.8 at 100 Hz, approximately twice of the value for pure SEBS, with noticeable frequency dependence below 100 Hz. The addition of coated particles has a similar effect, but with an improved stability of the permittivity with respect to frequency. The loss tangent (tan δ) increases with the addition of fillers. The PDMS-coated TiO 2 appears to further increase tan δ, while the Si-69 coating decreases tan δ. The uncoated particles have the maximum tan δ among all. The comparison to classic dielectric mixing rules using the Bruggeman model [24] yields a permittivity of 3.8, which agrees with the permittivity of the SEBS-TiO 2 specimen measured using dielectric spectroscopy. The dielectric analysis also demonstrated that the composite permittivity with coated particles was slightly decreased, yet comparable. The slight reduction in the measured permittivity for SEBS-TiO 2 (Si-69) and SEBS-TiO 2 (PDMS) can be attributed to the treatment used in the process that affected the overall permittivity of the nanocomposite. From the morphology analysis, results showed that the use of coated particles resulted in a better dispersion than with the coupling agent. The use of Si-69 also resulted in a decrease in permittivity of approximately 10.5% compared with the use of uncoated particles. This notable decrease in permittivity can be explained by a change in the interphase properties of the SEBS/TiO 2 composite along with the less effective dispersion compared to using PDMS coated particles. Similar results were concluded from a study conducted by McCarthy et al. [17] .
Conclusion
The interfacial influence of TiO 2 and SEBS for melt mixed nanocomposite dielectrics has been studied. Uncoated TiO 2 has been compared with surface-treated TiO 2 , and with a Si-69 enhanced SEBS solution. Morphology, mechanical, thermogravimetric, dynamic mechanical and dielectric analyses were conducted on the prepared samples. The results show that the samples filled with PDMS oil coated particles had superior performance in terms of stiffness where we had 67% increase, stretchability up to 900% before failure and permittivity enhancement by 45% after adding the filler with a small adverse effect observed using the treated filler particles. Moreover, Melt mixing technique used for processing soft, stain sensitive sensors enables producing (soft dielectric with high energy density) sensors with uniform profile properties without involving organic solvents.
